A conductive distributed Bragg reflector ͑DBR͒ composed entirely of a single material-indium tin oxide ͑ITO͒-is reported. The high-and low-refractive-index layers of the DBR are deposited by oblique-angle deposition and consist of ITO thin films with low and high porosities, which yield an index contrast of ⌬n = 0.4. A single-material DBR with three periods achieves a reflectivity of 72.7%, in excellent agreement with theory.
Oblique-angle deposition allows the fabrication of nanostructured porous low-refractive-index ͑low-n͒ thin films of high optical quality. Films fabricated by oblique-angle deposition have refractive index values which can bridge the gap between conventional solid materials ͑n ജ 1.4͒ and air ͑n = 1.0͒. Using this technique with SiO 2 , we have achieved refractive index values as low as 1.08. 1 A material with refractive index so close to that of free space can enhance performance in many photonics applications, such as broadband antireflection coatings with air ambient, 2-4 omnidirectional reflectors, 5, 6 distributed Bragg reflectors ͑DBRs͒, 7, 8 optical microresonators, 9,10 light-emitting diodes ͑LEDs͒, 11 and optical interconnects. 12 Oblique-angle deposition has also been applied to realize optical thin film components which consist of a single material. [13] [14] [15] In these cases fabrication by oblique-angle deposition of a single material is used to achieve fine-grained control over the refractive index or to simplify fabrication.
In this letter we show that oblique-angle deposition can also be used to fabricate optical components with properties that are difficult to realize by conventional two-material approaches. Thin film optical structures generally consist of several layers of different materials with different refractive indices. However, the refractive index and other properties of a material such as conductivity and optical absorption are in general inextricably coupled. Due to the limited number of available materials, the choice of refractive index also dictates remaining material characteristics. For photonics applications that exploit both optical and electrical properties of a material, this can force unsatisfactory compromises. By controlling the deposition angle and thereby the layer porosity and refractive index, oblique-angle deposition allows the fabrication of thin film components composed of a single material chosen for its electrical or other properties in which each layer has different refractive index that is individually tuned to a specific desired value. This ability is crucial when material properties in addition to the refractive index are important. As proof of concept, we demonstrate a conductive DBR designed for 460 nm operation made from indium tin oxide ͑ITO͒ fabricated using the oblique-angle deposition technique.
A DBR is a highly reflective mirror which consists of alternating layers of high-and low-index films, each having a quarter-wavelength thickness. DBRs are used in a variety of photonics applications such as high efficiency LEDs [16] [17] [18] and vertical-cavity surface-emitting lasers. 19, 20 The reflectivity of a DBR is highest when the difference in refractive index between the high-and low-refractive-index layers is maximized. Therefore, the very low refractive indices-and by extension, high-index contrast-achievable by varying the deposition angle make DBRs excellent candidates for the application of oblique-angle deposition. In conventional DBR structures the high-index and low-index layers are composed of two different materials such as TiO 2 and SiO 2 . However, neither TiO 2 nor SiO 2 is electrically conductive. Commonly used conductive DBRs are limited to epitaxially grown doped semiconductors, which generally have lowindex contrast. In addition, some materials may not work at certain wavelengths due to absorption. The DBR reported here is composed of ITO-which is both conductive and transparent at 460 nm-and serves as an example of the design freedom afforded by oblique-angle deposition for optical thin film components.
ITO films are deposited on silicon substrate at angles ranging from 0°to 75°using electron-beam evaporation and characterized by ellipsometry, scanning-electron microscopy ͑SEM͒, and optical microscopy. After deposition, the samples are annealed for 1 min at 500°C in an oxygen atmosphere. Figure 1 film are small compared to a wavelength, it may be described by a homogenous refractive index whose value lies between that of air and the bulk material. As the vapor incident angle approaches 90°the self-shadowed areas increase and a more porous film is produced, which results in a lower refractive index. The complex refractive index and layer thickness are measured by ellipsometry. The layer-thickness result is confirmed by SEM.
The real part of refractive index is fitted with a threeterm Cauchy model given by Figure 2 shows the refractive index at 460 nm of the ITO films for several incident angles. As the deposition angle increases, the refractive index becomes smaller and reaches a value of approximately 1.5 at 75°. The extinction coefficient is fitted with an expression of the form
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The extinction coefficient is close to the ITO bulk value for normal incidence and decreases as the incident angle increases, consistent with the increasing porosity of the films, which indicates that scattering loss within the nanorod layer is small. The Fig. 2 inset shows cross section SEM images of the ITO films which clearly demonstrate the decrease in density and formation of ITO nanorods. The nanorod feature size is smaller than 50 nm, i.e., much smaller than the wavelength of light. The small nanorod dimension suggests that Mie and Rayleigh scatterings can be neglected and the layer can be treated as a single homogeneous film with uniform refractive index. DBR structures with one, two, and three periods are deposited on silicon substrates. The low-index layers consist of ITO deposited at an angle of 75°with a refractive index of 1.497+ i0.0056 at a wavelength of 460 nm. The highest refractive index is achieved for bulk ITO deposited at normal incidence. However, depositing a new layer at a near-normal vapor incident angle on top of a highly porous nanorod film could result in the filling in of a certain amount of space between the nanorods. To avoid this potential issue, the highindex layers are deposited at an incident angle of −45°which yields a refractive index of 1.904+ i0.0196 at 460 nm. Figure 3 shows a cross section SEM image of the threeperiod ITO DBR. The nanorods layers have feature sizes much smaller than a wavelength and exhibit well defined interfaces. As a result, the DBR is expected to have reflection characteristics that show good agreement with theory. The expected conductive nature of the ITO DBR is verified by current-voltage measurements. Figure 4 shows an optical micrograph of the one-, two-, and three-period DBRs. The three samples each have a featureless and highly specular surface. The one-period DBR has a silver color which indicates similar reflection throughout the visible wavelength range, while the two-and threeperiod DBRs have a pronounced bluish color. This is due to the enhanced reflection near the DBR center wavelength of 460 nm.
The wavelength-dependent reflectivity of the DBR samples is measured using a photospectrometer from 300 to 550 nm and is shown in Fig. 5 and compared with the theoretical reflection spectra for DBRs with the optimal / ͑4n͒ layer thickness. For all samples the peak reflectivity is near the target wavelength of 460 nm. The reflectivity at 460 nm is measured to be 55.5%, 67.0%, and 72.7% for the one-, two-, and three-period structures, which agrees well with the calculated reflectivity of 55.8%, 67.0%, and 74.8%. Secondary maxima of the reflection coefficient are somewhat lower than the predicted result. These maxima are the result of higher-order interference and are more sensitive to small deviations from the ideal layer thickness. However, locations of these maxima and the general shape of the reflection coefficient curve are in agreement with the theoretical result. The agreement between measurements and theoretical predictions indicates excellent refractive index and layerthickness control.
In conclusion, a class of optical components is introduced that consists of only a single material used in multiple layers each having a different refractive index. Oblique-angle deposition decouples the refractive index from other material properties and thus allows the refractive index to be continuously varied over a broad range, thereby enabling components such as the ITO-based conductive DBR demonstrated here. The three-period DBR achieves a reflectivity of 72.7% at = 460 nm which is in very good agreement with theory. The combination of conductivity and index contrast of the low-n ITO DBR, facilitated by oblique-angle deposition, cannot be easily duplicated by conventional two-material approaches.
